Low grade biomass fibre produced as a by-product from the flax industry was manufactured into a non-woven fabric. This material was then pyrolysed in a fixed bed reactor to produce biochar. The resulting biochars were characterised using a variety of techniques including gas adsorption, scanning electron microscopy, pychnometry and elemental and proximate analyses. The fibrous morphology of the precursor was retained during pyrolysis. The temperature of pyrolysis had a significant influence on the biochar properties, with higher temperatures causing an increase in surface area and density along with a decrease in volatile/disorganised carbon. All of the biochars were microporous, with the majority in the ultramicropore size range. Activated diffusion effects were observed during nitrogen adsorption measurements at 77K. The experimental data show that the flax biochars exhibit properties typical of biochars produced from other lignocellulosic precursors.
Introduction
Historically, the most common applications for biomass fibres such as flax were in the production of yarns and rope, which were used for fishing, construction, clothing and binding. 1 Throughout the 20 th Century however, the use of natural fibres has declined due to the availability of a wide range of synthetic fibres produced from petrochemical precursors. 2 However, more recently, concern over the extensive consumption of finite resources has prompted greater interest in the use of renewable biomass materials. This is expected to provide a positive stimulus to the natural fibre market, with respect to traditional end-uses such as textile production, and also in the development of new technologies to replace synthetic fibres in reinforced composites, packaging materials, thermal insulation, filters and absorbents. 2 Textile materials derived from natural biomass fibres can utilise less than 50%
by weight of such fibres in production, thereby producing a high proportion of waste.
A particular advantage of such fibrous textile waste is that the biomass material has a fibrous characteristic enabling the fibres to be processed to produce a fabric non-woven matting material. Because of the strength of the flax fibres, they can easily undergo the entanglement, layering and needling which produces a non-woven matting product.
Biomass fibres are classified as lignocellulosic materials, consisting predominantly of cellulose, hemi-cellulose and lignin. A wide variety of other lignocellulosic materials have been pyrolysed to produce end-product char, oil or gas including various nutshells, wood, rice straws and fruit stones. [3] [4] [5] [6] [7] [8] [9] [10] However, the morphology of biomass fibre potentially offers significant advantages over other lignocellulosic materials.
Biochar is a recent term used to describe the chars produced from biomass but with the particular end-use of a soil enhancer. Biochar also improves water quality and quantity by increasing soil retention of nutrients and agrochemicals for plant and crop utilization.
More nutrients stay in the soil instead of leaching into groundwater and causing pollution.
The biochars for such applications tend to be fine grained and are added to soil to hold the carbon from the original biomass in the soil and therefore act as a carbon sequestration process. The processing of biomass waste into a non-woven fabric matting material which is then pyrolysed to produce a carbonaceous biochar matting represents a novel form of biochar for different potential applications.
This paper investigates the influence of pyrolysis temperature on the yield and composition of the products of pyrolysis of non-woven flax fibre material. The yield of biochar, liquid and gas in relation to temperature are reported and the detailed characterization of the product biochars in terms of their structural characteristics, surface area and porosity are described.
Materials and Methods

Flax Fibre Precursor Material
The precursor material consisted of low-grade flax fibre obtained from British Fibres
Limited, a company funded by the Engineering and Physical Sciences Research Council (EPSRC) and the UK Ministry of Agriculture, Fisheries and Food (now the Department of the Environment, Food and Rural Affairs). The characteristics of the raw fibre are reported in Table 1 . The 'as-received' raw fibre was then converted into a non-woven fabric ( Figure 1) involving a sequential process consisting of a dry laid carded method, needle punch bonding and calender bonding. The process of dry laid carding involves the use of rotating cylinders covered in wires or teeth that arrange the fibres into parallel arrays of up to 150 mm fibre length and a thickness of 8 mm. The fibre material is then needle punched which involves punching of barbed needles through the material, hooking tufts of fibre together, this process bonds the fibres together and gives extra strength to the non-woven matting. The final process step of calender bonding involves stabilisation of the non-woven matting via heat and pressure where the fibres tend to fuse together producing a more stable structure. The final product was a roll of biomass natural fibre matting from which samples were cut for the pyrolysis experiments.
Thermogravimetric Analysis of Flax Fibre
Initial characterization of the flax fibre non-woven fabric material was investigation using a thermogravimetric analyser to determine the weight loss characteristics of the sample in relation to increasing temperature and hence the appropriate pyrolysis temperatures for the subsequent pyrolysis experiments. The weight loss behaviour of the flax fibre was studied using a Stanton-Redcroft thermogravimetric analyser (TG 760 series). Approximately 20mg of sample was used for the analysis with a heating rate of 10 o C min -1 . The TGA furnace was purged with an atmosphere of nitrogen throughout the analysis.
Pyrolysis of Flax Fibre
The non-woven fibrous material was pyrolysed in a vertical-tube fixed bed reactor, a schematic diagram of which is shown in Figure 2 
Characterization of Flax Fibre and Biochars
The pore structures of the flax precursor and resulting biochars were characterised by physical adsorption of gases, using a Quantachrome Autosorb 1-C Instrument. All chars were outgassed prior to analysis using a staged outgassing procedure. Firstly, the sample was held under vacuum at room temperature for The surface morphology of the biochars was investigated using a LEO 1530 Field Emission Gun, High Resolution SEM. The instrument was operated with a working distance of 6 to 8mm and an accelerating voltage of 2 to 3kV using the in-lens detector. Specimens were coated with a 3nm layer of platinum using an Agar High Resolution Sputter Coater and stored in a dessicator prior to analysis.
The repeatability of the experimental and analytical procedures was verified by repeat experiments of pyrolysis through to the characterisation of the resulting biochars. The reproducibility of the work was found to be excellent. In addition, the accuracy of the analytical techniques was determined using standard materials.
Results and Discussion
Thermogravimetric Analysis of Flax Fibre
The 
Pyrolysis Product Yield
As a consequence of the TGA data, final pyrolysis temperatures of 500, 650, 800 and 950 o C were used to investigate the influence of pyrolysis temperature on biochar characteristics. pyrolysis. 4, 14 Conversely, other workers have observed an initial increase in the liquid product with temperature, followed by a decline as the temperature was further increased. Maschio et al. 15 noted a decrease in oil yield above 400 o C accompanied by a large increase in the gaseous fraction, whereas Figuieredo et al. 16 observed similar results at temperatures in excess of 500 o C. Maschio et al. 15 suggested that the enrichment of the gaseous phase due to the breakdown of larger molecules in the liquid fraction was responsible for this phenomenon.
In contrast to the gas and liquid fractions, the biochar yield declined with increasing temperature, with 25.1wt% at 500 o C falling to 21.5wt% at 950 o C. The biochar yields observed from the fixed bed reactor are somewhat higher than those indicated by the TGA analysis (~20 wt% after 1 hour), despite the inclusion of a hold period in the fixed bed experiments. This is likely to be a feature of the lower heating rates used in the fixed bed reactor as it is recognised that lower heating rates lead to an increase in the yield of char during pyrolysis. 12, [17] [18] The reported char yield values are within the range reported by other studies in the literature. 
Physical and Chemical Properties of Flax Biochars
The biochars derived from the pyrolysis of flax fibre were analysed for a range of properties, including the elemental and proximate analysis, bulk, apparent and true density. The results are shown in Table 2 . The main feature of the proximate analysis data was the reduction in volatile matter content and increase in fixed carbon as the temperature of pyrolysis was The elemental analysis shows that the carbon content of the samples increased with temperature whereas the proportion of hydrogen and oxygen was considerably reduced, indicating a more aromatic carbon structure. In each case, the main changes take place up to 500 o C. The solid biochar is rich in carbon due to the elimination of heteroatoms via the gaseous and liquid fractions. The carbon atoms are grouped into stacks of aromatic sheets and strips cross-linked in a random manner. Since the arrangement of these sheets is irregular, it leaves free interstices among them which constitute a rudimentary pore structure. However, the pore structure of the chars is often blocked by tars and other pyrolytic decomposition products which become disorganized carbon. Table 2 also shows a clear trend of increasing density with temperature. This is likely to be due to a combination of factors such as the removal of lighter volatile material, the increasing ash component and the densification of the carbon matrix. 21 The values obtained are similar to those obtained by other workers studying the pyrolysis of biomass.
21-22
Porous Texture of Flax Fibre Biochars
Nitrogen Adsorption Isotherms
The raw flax and biochars were characterised by adsorption of nitrogen at 77K and the adsorption isotherms are presented in Figure 7 . The isotherm for the raw flax shows limited adsorption and is characteristic of a non-porous solid (type II isotherm). The adsorption capacity of the chars increases with pyrolysis temperature and significant uptake of nitrogen occurs at very low relative pressures, indicating the presence of micropores. The most striking feature of the N 2 isotherms is the presence of significant 'low-pressure hysteresis', which is related to the entrapment of adsorbate molecules in very fine ultramicropores with dimensions close to those of the adsorbate. 23 Nitrogen adsorption on carbon materials containing a high proportion of ultramicropores 24, 25 is difficult and has been attributed to diffusional limitations of nitrogen at 77K into fine micropores of molecular dimensions.
Garrido et al. 26 and Thakur and Brown 25 have shown that difficulties with nitrogen adsorption measurements due to the presence of fine micropores may be overcome by using CO 2 adsorbate at 273K. At this temperature, CO 2 molecules can more easily access ultramicropores than N 2 at 77K in spite of the fact that the critical molecular dimensions of both gases are similar.
26
Carbon Dioxide Adsorption Isotherms
The porous structure of the raw flax and biochars was studied by adsorption of carbon dioxide at 273K. It was hoped to remove the problems associated with the adsorption of nitrogen at 77K and more accurately assess the presence of ultramicropores in the samples.
The adsorption isotherms and the DFT micropore size distributions are presented in figure 8 and figure 9 respectively. Porous texture data for both CO 2 and N 2 adsorbates are presented in found similar trends in a series of low-rank coal chars. As in the current work, both studies showed the greatest differences at lower pyrolysis temperatures, with accessibility to the N 2 adsorbate improving at higher temperatures. Gregg et al. 29 examined uptake of butane at different temperatures on the same microporous carbon. As the adsorption temperature was increased from 196 to 273K, a dramatic increase in the adsorption capacity was observed.
Pore Volume by Pychnometry
The presence of very fine micropores in the flax biochars was further demonstrated by means of the helium and mercury density measurements. Using equation 1, an assessment of the pore volume of the chars accessible to helium but inaccessible to mercury can be made (ie.
pore sizes below 3.54nm).
where: V = volume of pores of width <3.54nm (cm 3 /g) ρ He = Helium density (g/cm 3 )
ρ Hg = Mercury density (g/cm 3 )
The values obtained could then be compared directly with the pore volumes determined from the gas adsorption data ( Table 3) . The data are shown in figure 10 . The most interesting feature of these data is the difference between the three sets of values. For all biochars, the volume determined by pychnometry is greater than that determined by either CO 2 or N 2 adsorption. This suggests the presence of a large number of micropores inaccessible to CO 2 or N 2 , but accessible to helium, the helium atom being of considerably smaller size (2.58Å). 30 The difference between the values decreases with increasing pyrolysis temperature, suggesting that the pore structure becomes more accessible to larger molecules.
This was also indicated by the gas adsorption data. 
Conclusions
A non-woven fabric was produced from biomass fibre obtained as a waste product from the flax industry. The material was pyrolysed in a fixed bed reactor at various temperatures. The fibrous morphology and flexibility of the precursor material was retained during pyrolysis.
Increasing temperature of pyrolysis from 500 ºC to 950 ºC showed that the main product was liquid with a yield of~54 wt% and the biochar ranged from 25.1 wt% at 500 ºC to 21.5 wt% at 950 ºC. The biochars were characterized using a range of analytical techniques and were found to exhibit properties typical of those obtained from other lignocellulosic materials.
Scanning electron microscope analysis of the biochars showed the presence of the original structure of the flax. Detailed characterization of the biochars showed that they were mainly microporous with the majority being in the range of ultramicropores. 
